Telomere function is mediated by the assembly of a protein complex on an array of telomeric DNA (TG) repeats synthesized by the telomerase enzyme. Telomerase action at chromosome ends is finely tuned by the telomeric complex so that a constant average number of repeats is maintained. This is achieved through a negative feedback process that is sensitive to TG tract length, but whose underlying mechanism is unknown. We show that short telomeres, which are preferential substrates for telomerase, display increased association with the enzyme in the S phase of the cell cycle, when telomerase acts. In addition, we provide support for a molecular mechanism by which this key step of telomerase recruitment is regulated by TG tract length. Received April 27, 2007; revised version accepted June 5, 2007. Telomeres promote genome integrity by reversing the natural erosion of terminal DNA sequences during cell division (the "end replication problem") and by preventing chromosome end exonucleolytic degradation or joining (de Lange 2005) . In most eukaryotes this protective function is achieved via an array of tandemly arranged short terminal TG-rich repeats synthesized by the telomerase enzyme, a ribonucleoprotein with reverse transcriptase-like activity (Autexier and Lue 2006) . The continued action of telomerase is required to ensure that the number of telomeric repeats hovers around an average species-specific value.
Although the presence of a functional telomerase enzyme is a necessary condition for telomere maintenance, it is not in itself sufficient. Genetic studies in budding yeast have uncovered several additional factors with an essential role in the telomerase pathway. For example, the telomerase-associated proteins Est1 and Est3, as well as a Cdc13, a DNA-binding protein with specificity for single-stranded telomeric TG repeats, are all required to promote telomerase (Est2) action (Lundblad and Szostak 1989; Nugent et al. 1996) . In addition, the combined action of the Tel1 and Mec1 kinases (orthologs of ATM [ataxia telangiectasia-mutated] and ATR , respectively) is also required for telomerase-mediated telomere maintenance (Ritchie et al. 1999) .
It has however become increasingly clear that several of the many proteins that comprise the telomeric complex act as negative regulators that prevent telomerase from acting at all telomeres during each cell cycle (Teixeira et al. 2004) . A critical feature of the negative regulation of telomerase in cis at chromosome ends is the apparent ability of the telomeric complex to gauge telomere length based on the number of telomere repeatbound regulators (Rap1 and Rif proteins in yeast) (Marcand et al. 1997; Levy and Blackburn 2004) . The telomeric complex then generates an inhibitory effect on telomerase whose strength increases with increasing TG tract length (Marcand et al. 1999) . Although the general features of this feedback strategy of telomere length regulation have been proposed to apply to both yeasts and higher eukaryotes, the actual mechanism(s) by which the telomeric complex influences the action of telomerase and/or its positive regulators is largely unknown. Based on available data, there are several possible explanations for telomere length-regulated activation of telomerase at chromosome ends, which can arguably be best summarized by three prevalent models ( Fig. 1 ; for reviews, see Smogorzewska and de Lange 2004; Bertuch and Lundblad 2006) . One model proposes that regulation of telomerase activity is achieved at the level of its association with the telomere (Fig. 1A) . Telomerase recruitment has been shown to depend on a critical direct interaction between Est1 and Cdc13 (Evans and Lundblad 1999; Pennock et al. 2001; Bianchi et al. 2004) . Because the single-stranded overhangs that serve as a substrate for Cdc13 loading might be formed equally at all telomeres (both long and short) (Wellinger et al. 1993) , it is possible that a step subsequent to Cdc13 loading (which is presumed to be dependent on overhang formation) is subjected to regulation by TG tract length. In the model shown in Figure 1A , this regulated step is telomerase holoenzyme recruitment. An alternative view proposes that the association of telomerase with the telomere is not subjected to modulation by repeat array length, but rather that the enzyme's state is changed from inactive to active by telomere shortening. One incarnation of this latter model postulates that changes in the association of "activators" of telomerase, a role that has been proposed for Est1 (Evans and Lundblad 2002; Taggart et al. 2002; Singh and Lue 2003) , would lead to changes in the activity, but not the telomere association, of the enzyme. A third possibility is that the amount of resection occurring in late S phase at yeast telomeres, which is at least partially dependent on the MRX complex (Larrivee et al. 2004; Takata et al. 2005) , might affect telomerase recruitment via the regulation of Cdc13 binding ( Fig. 1C ; Diede and Gottschling 2001; Takata et al. 2005) .
Results and Discussion
The various models described above to explain the preferential activation of telomerase at shorter telomeres make different predictions with regard to the relative levels of association of the main players in the telomerase pathway at short versus normal-length telomeres (see Fig. 1 , bottom, for an illustration of some of the existing possibilities). To attempt to discriminate between the models, we decided to employ a system that allows the generation of a single shortened telomere in a yeast cell by site-specific (Cre-lox) recombination of a cassette that contains a telomere-proximal array of Rap1-binding sites (Fig. 2; Bianchi and Shore 2007) . The presence of these sites leads to a terminal telomeric tract (beyond the distal loxP site) that is shortened by almost half, due to the inhibitory effect of Rap1 on telomerase ; data not shown). Because the shortened telomere resulting from site-specific recombination is a preferred substrate for telomerase (Marcand et al. 1999; Bianchi and Shore 2007) , this system offers the opportunity to characterize the molecular events that accompany telomerase action. We thus set out to analyze the protein composition, by chromatin immunoprecipitation (ChIP), of a shortened telomere located on chromosome V-R (chr V-R), in comparison with its unshortened counterpart in a companion strain where the loxP cassette did not include the Rap1-binding sites.
We first decided to investigate whether the association of telomerase itself is differentially regulated at the shortened telomere. Because the telomere binding of telomerase is cell cycle-regulated, we blocked the two strains (with shortened and normal-length chr V-R telomeres) in the G1 phase and then released them into a synchronous cell cycle. As previously described by others, we detected a (somewhat variable) association of Est2 in G1, and also in late S phase, which occurs at ∼70-80 min after release from the block under our experimental conditions ( Fig. 3A ; Taggart et al. 2002; Fisher et al. 2004; Schramke et al. 2004) . Remarkably, the shortened telomere displayed significantly increased association of telomerase in S phase (Fig. 3A, right) , the time when the enzyme acts at telomere ends, compared with the unshortened control. We then analyzed the telomere binding of the telomerase activators Est1 and Cdc13, and found that Est1, like Est2, was preferentially associated with the short V-R telomere (Fig. 3B ). In contrast, the association of Cdc13 with this telomere was not significantly changed upon its shortening (Fig. 3C) . The relative enrichment at the shortened telomere for Est1 and Est2 (and lack of it for Cdc13) was very reproducible and found to occur in all experiments performed (see Fig. 3 legend for quantification and statistical analysis).
We confirmed the generality of these findings by quantifying the binding of both Est1 and Cdc13 to a second shortened telomere, this time on chr VII-L (Fig. 4) . Because we had previously shown that the activation of a subtelomeric origin early in S phase takes place on this chromosome as a consequence of telomere shortening , we inactivated this origin in order to make the binding profiles at the shortened and unshortened telomeres comparable in a quantitative manner. As expected, at this chromosome we also detected increased association for Est1, but not for Cdc13, with the shortened telomere (Fig. 4A,B, respectively) . Thus, the relative differences in binding to telomeres of different lengths for Est1 and Cdc13 do not appear to be specific for any single chromosome end. Three different hypothetical models pertaining to possible mechanisms regulating the preferential activation of telomerase at short telomeres are illustrated. The regulated interaction between the Cdc13 and Est1 proteins is indicated by a double arrow ("activation" events are indicated throughout by simple green arrows, "repressive" events are indicated by red bars). In the bottom panels, the predicted enrichment at short versus normal-length telomeres for Cdc13, Est1, and Est2 is given.
Telomerase binding to short telomeres GENES & DEVELOPMENT
The results described above are consistent with the notion that the recruitment of the telomerase enzyme to the telomere is a step regulated by telomere length and, more precisely, support a model in which the association of a telomerase holoenzyme (comprising Est1 and Est2) to the telomere is regulated (Fig. 1A) . At the same time, our results do not support the idea that telomere shortening leads to telomerase "activation" or "relocalization" at the telomere, or that such effects are sufficient to explain preferential activation of the enzyme at shorter TG tracts (Fig. 1B) . It has previously been shown that yeast telomerase is also telomere bound in the G1 phase of the cell cycle, in a Ku-dependent manner ). We did not observe an increase in the G1 association of telomerase at the shortened telomere, and this fact, together with the observation that the Est2 signal drops in late G1-early S, suggests that the aspect of telomerase association that is most relevant to the regulation of telomere length takes place at the time of telomerase action in late S phase. We propose that the increased Est2 (and Est1) signal at the shortened telomere is a reflection of a higher proportion of the telomeres having bound telomerase, rather than an increase in the number of telomerase molecules bound at each telomere, though we cannot formally exclude the possibility that a conformational change at the shortened telomere somehow leads to an increased ChIP signal for both Est2 and Est1.
The heightened binding of Est1 with the shortened telomere is consistent with its proposed role as a telomerase holoenzyme component that helps to recruit the enzyme, but does not rule out some additional role in telomerase activation (Pennock et al. 2001; Taggart et al. 2002; Bianchi et al. 2004; Schramke et al. 2004 ). Impor- Figure 3 . Preferential recruitment of Est2, Est1, and Tel1, but not Cdc13, to a shortened telomere on chr V-R. Quantification of the association of Myc-tagged Est2 (A), Est1 (B), and Cdc13 (C), and HA-tagged Tel1 (D) with the recombined shortened (right), or unshortened (left) telomere at chr V-R (in red), and with the endogenous telomere on chr VI-R (in blue) by ChIP, on strains released synchronously from a block in G1 (A-C) or dividing asynchronously (D). For A-C, quantification of the S-phase peak signal for the shortened versus unshortened V-R telomere, normalized for the signal obtained at the reference VI-R telomere, gave a value of 3.17 for Est2 (1.69, 2.14, and 1.68 for three independent experiments; P = 0.044), 2.04 for Est1 (2.19 and 2.59 for two replicates; P = 0.009), and 1.07 for Cdc13 (0.86 and 1.06, for two replicates; P = 0.886). Histograms in D represent averages and standard deviations of four independent asynchronously growing cultures (the white columns report association to the nontelomeric PDI1 locus). Student t-tests for V-R and VI-R, V-R and PDI1, and VI-R and PDI1 yielded P values of 0.677, 0.616, and 0.177, respectively, for the strain with the unshortened telomeres, and 0.001, 0.001, and 0.122, respectively, for the strain with the shortened telomeres. . Preferential recruitment of Est1, but not Cdc13, to a shortened telomere on chr VII-L. Quantification of the association of Myc-tagged Est1 (A) and Cdc13 (B) with the recombined shortened (right) or unshortened (left) telomere at chr VII-L (in green), and with the endogenous telomere on chr VI-R (in blue) by ChIP, on strains released synchronously from a block in G1. Quantification of the S-phase peak signal for the shortened versus unshortened VII-L telomere, normalized for the signal obtained at the reference VI-R telomere, gave a value of 2.04 for Est1 (and 1.93 for an independent experiment) and 1.00 for Cdc13 (and 1.27 for a replicate). In all of these strains, the region between coordinates 16308 and 18192 on chr VII, which contains a putative origin of DNA replication responsible for early replication of shortened telomeres, was deleted.
tantly, the parallel increase in Est2 and Est1 association with the shortened telomere suggests that the interaction between Est1 and telomerase (through the telomerase RNA moiety) is not regulated by telomere length (Seto et al. 2002 ).
An alternative model (Fig. 1C) , proposing that CA strand resection and TG overhang formation are responsible for increased Cdc13 recruitment (due to a longer binding substrate) and, ultimately, increased loading of telomerase and higher telomerase activity (Diede and Gottschling 2001; Takata et al. 2005; Negrini et al. 2007) , is not supported by the finding that Cdc13 levels at the short and normal-length V-R and VII-L telomeres were unchanged. The absence of length-dependent modulation for Cdc13 contrasts markedly with the observed situation for Est1, suggesting that the interaction between these two proteins might represent the key step regulated by telomere length (Fig. 1A) .
Recent work has identified serine residues in Cdc13 that are phosphorylated by Tel1/Mec1 (Tseng et al. 2006) in a domain of the protein shown to be involved in telomerase recruitment (Pennock et al. 2001; Bianchi et al. 2004) . Because genetic evidence implicates these kinases, and particularly Tel1, in the regulation of telomere length (Ritchie et al. 1999) , we decided to investigate the association of Tel1 with the shortened telomere. Even though we were unable to detect Tel1 binding to normal-length telomeres (where binding was indistinguishable in the ChIP assay from a nontelomeric control at the PDI1 locus), we found that association of the kinase with the shortened telomere was readily detectable, and significantly so over the unshortened telomeres (Fig.  3D) . Although the association of Tel1 to normal-length telomeres has previously been reported to be limited to the G1 and G2/M phases of the cell cycle , we were unable to detect a signal at unshortened telomeres at any stage during the cell cycle whereas the protein was detectable at the shortened telomere throughout the cell cycle, including during S phase, when the proposed interaction between Cdc13 and Est1 is thought to occur (data not shown). It thus remains unclear whether telomere shortening might lead to a change in the pattern of Tel1 telomere association during the cell cycle, apart from the observed quantitative change in binding.
Our results suggest that Tel1 (and possibly Mec1) phosphorylation activity might constitute the signal for the length-dependent association of telomerase with telomeres (Fig. 5) . This model proposes that Cdc13 loading is not regulated by telomere length and that it is instead the ability of the protein to recruit telomerase that is the regulated step, likely via a modulation of its capability to interact with Est1. Based on our results with Tel1 and on the previous genetic and biochemical analysis of the proposed role of Tel1/Mec1 in phosphorylating Cdc13 (Tseng et al. 2006) , we suggest that Tel1-dependent phosphorylation is responsible for rendering Cdc13 competent for interaction with Est1 preferentially at shorter telomeres. The model is consistent with the observation that Tel1 (like Mre11, but unlike Mec1) is required for efficient Est2 and Est1 recruitment to telomeres (Goudsouzian et al. 2006) , and with the prediction, based on structural work, that Est1 is a phosphoserine-binding protein (Fukuhara et al. 2005) . Taken together, these results point to telomere length-dependent binding of Tel1 to telomeres as a critical step in the regulation of telomerase association with telomeres in S phase. Thus, the formerly proposed "closed" state of the telomere (Craven and Petes 1999; Teixeira et al. 2004) , with regard to telomerase action, we suggest reflects decreased association of the enzyme with telomeres. Our biochemical analysis, combined with the available genetic data, indicates that a critical function of the telomere complex in operating a switch from a "closed" to "open" state is in regulating the recruitment, and therefore the activity at the telomere, of the Tel1 kinase.
Materials and methods

Strains and plasmids
Strains were in the W303 background (ade2-1 his3-11,15 leu2-3,115 trp1-1 ura3-1 can1-100 RAD5) and carried a deletion of LYS2 and a PgalCre construct (pAB406) at the LEU2 locus: lys2ϻhphMX3 leu2ϻPgal-Cre. A TRP1-marked telomere at ADH4 (made with pAB556) was present in YAB1130-1172, and an ADE2-marked telomere at YER188W (made with pAB472) was present in YAB1023-1026. Tagging of Est1 and Cdc13 was obtained with PCR products generated from pFA6a-13Myc-His3MX6 (Longtine et al. 1998) , whereas tagging of Est2 was achieved with SwaI-cleaved pAB572, a derivative of pEST2Myc9-swiwel#2, a generous gift of Timothy Fisher and Ginger Zakian , and tagging of Tel1 was carried out with HindIII-cleaved pRS306/5HA-TEL1 (pAB548) a kind gift of Akira Matsuura . Plasmids pAB619 and pAB543 contained 16 inverted Rap1-binding sites adjacent to the distal loxP site (see Fig. 2 ), whereas pAB618 and pAB536 contained none. pAB618 and pAB619 targeted the ADH4 locus, whereas pAB536 and pAB543 targeted the YER188W locus. A cassette derived from pAB618 was present in YAB1130 (Fig. 3C, left) , YAB1132 (Fig. 3B, left) , YAB1167 (Fig. 3D, left) , and YAB1171 (Fig. 3A, left) ; from pAB619 in YAB1131 (Fig. 3C, right) , YAB1133 (Fig. 3B, right) , YAB1168 (Fig. 3D,  right) , and YAB1172 (Fig. 3A, right) ; from pAB536 in YAB1023 (Fig. 4A , left) and YAB1025 (Fig. 4B, left) ; and from pAB543 in YAB1024 (Fig. 4A , right) and YAB1026 (Fig. 4B, right) . In strains YAB1023-1026, the region between coordinates 16308 and 18192 on chr VII was deleted and replaced with a cloNAT cassette derived from pAG25 (Goldstein and McCusker 1999) .
Induction of recombination and synchrony
Overnight cultures in 50 mL of SC medium lacking lysine and containing 2% raffinose were diluted into 350 mL of YPA plus 3% galactose. After 3-3.5 h at 30°C in galactose medium, cultures at a density of 1 × 10 7 cells per milliliter were blocked by treatment with 2 µM ␣ factor for 130 min in YPAD at 30°C. The arrest was removed by washing away the ␣ factor and then cultures were released into a synchronous cell cycle by putting cells in YPAD medium at 18°C.
ChIP
ChIP was performed as described previously Fisher et al. 2004) . Briefly, cells, after cross-linking in 1% formaldehyde, were 
